New child voxel models that are adjusted to the International Commission on Radiological Protection (ICRP)'s reference values (1-, 5-and 10-yr-old children) have been developed. The whole-body averaged specific absorption ratios (WBA-SARs) of these child voxel models were calculated for the wholebody exposure conditions with the E-polarization and H-polarization plane wave incidence from 10 MHz to 6 GHz. The WBA-SARs are 40% to 60% higher for the child voxel models than for adult voxel models adjusted to the ICRP's reference values (NORMAN and NAOMI). The WBA-SARs of the child voxel models exceed the basic restriction by at most 20% or 0.08 W/kg for the general environment when the incident power density is set to the reference level at each frequency of the ICNIRP's RF safety guidelines.
I. INTRODUCTION
Human body exposure to an excessively high strength radiofrequency (RF) electromagnetic field (EMF) can cause thermal effects. The whole-body averaged specific absorption rate (WBA-SAR) has been used as a measure of the thermal effect due to whole-body heating caused by RF EMF. The SAR is defined as the power absorbed in a unit mass of a human body and the WBA-SAR is derived by dividing the total power absorbed in a whole human body by the wholebody mass.
The International Commission on Non-Ionizing Radiation and Protection (ICNIRP) has therefore set the basic restrictions in terms of the WBA-SAR in its RF safety guidelines [1] .
Because it is difficult to directly evaluate the WBA-SAR, other guideline levels or reference levels have also been introduced in the ICNIRP guidelines. The reference levels are the incident electric and magnetic fields or power density that correspond to the basic restrictions of the WBA-SAR The associate editor coordinating the review of this manuscript and approving it for publication was Mohamed Kheir. under the whole-body exposure condition as the worst condition. Numerical dosimetry using voxel human models has been playing an important role in determining the reference levels [2] .
One of the most important findings from the numerical dosimetry using voxel human models is that the current reference levels do not always limit the WBA-SAR to within its basic restrictions when people of small stature or children are exposed to RF EMF [3] - [13] . Concerning this issue, the ICNIRP has released a statement that the WBA-SAR of children can exceed about 40% of the basic restrictions even if the incident RF EMF is equal to or lower than the reference level, and such excess is significantly lower than the reduction factor considered in their guidelines, i.e., 5000% [14] . However, a recent revision of the safety standard issued by Health Canada has changed the incident EMF limits while taking into consideration the increase in the WBA-SAR of children [15] .
To improve the RF safety guidelines for protecting children, it is clearly important to investigate the detailed characteristics of the WBA-SAR of children. Most child voxel models, however, have been developed on the basis of adult voxel models by scaling to fit with the height and weight of children [3] - [7] . These models, however, have fatal discrepancies with actual children with regard to the body shape and internal-tissue structure. To overcome these discrepancies, some models have been adjusted to the body shape of children [8] , [9] , [12] . A few models have recently been developed on the basis of the magnetic resonance imaging (MRI) data of actual children [16] , [17] . Although MRI-based voxel models have better accuracy in terms of the body shape and internal-tissue structure, they have been highly specific to the individual child from whom the MRI scan was taken. Thus, it is difficult to extract general characteristics from calculations using the MRI-based voxel models. Therefore, to discuss the typical characteristics of the WBA-SAR of children, reference child models are necessary.
For ionizing radiation protection, the International Commission on Radiological Protection (ICRP) has issued the reference values of standard human bodies [18] , in which the reference values of not only height and whole-body weight but also internal tissue weights are listed. Previously, adult male and female voxel models adjusted to the ICRP's reference values were developed and used for evaluating the WBA-SAR [3] , [5] . Child voxel models adjusted to the ICRP's reference values have not been developed. Therefore, in this study, we have developed child voxel models adjusted to the ICRP's reference values and investigated the WBA-SAR characteristics of these models. On the basis of the WBA-SAR characteristics derived from the calculations using these reference models, we have also discussed the increase in the WBA-SAR of children and the validity of the reference levels of the RF safety guidelines.
II. METHODS AND MODELS A. CALCULATION METHOD
The finite-difference time-domain (FDTD) method [19] was used for the calculation of the WBA-SAR of the child voxel models exposed to a plane wave ranging from 10 MHz to 6 GHz using an in-house multi-GPU-based FDTD solver. The validity of the SAR calculation using our solver has been verified by an intercomparison [20] . The FDTD lattice size was 2 mm below 2 GHz, 1 mm from 2 GHz to 5 GHz and 0.5 mm at 6 GHz. The lattice size for each frequency was optimized on the basis of previous literature in which the relationship between the lattice size and the WBA-SAR was examined [13] . The split perfectly matched layer (SPML) boundary conditions [19] were used to truncate the calculation region without any significant reflection. The 8-layer SPML boundaries are located at least 18 cells from the voxel models.
The details of the child voxel models are described in the following subsection. The electrical properties of the voxel models were taken from a previous report [21] .
The whole-body exposure conditions were considered in the calculations conducted in this paper. Two polarization conditions, i.e., E-and H-polarizations, were considered. The incident direction was from the front to the back.
The WBA-SAR is defined using the following equation:
where σ is the conductivity of the tissue (S/m), ρ is the density of the tissue (kg/m 3 ), E is the root mean square of the internal electric field (V/m), and V is the volume of the whole body. The WBA-SARs in most figures in this paper were then normalized as the incident power density was 1 W/m 2 .
B. CHILD VOXEL MODELS ADJUSTED TO ICRP'S REFERENCE VALUES
ICRP has reported the reference values of four children, i.e., 1-, 5-, 10-and 15-yr-old children [18] . Because the body shape of the 15-yr-old child is similar to those of adults, we have therefore developed 1-, 5-and 10-yr-old child voxel models as described below.
It is difficult to acquire whole-body MR image data with the fine resolution necessary for generating child models having anatomical structures that match the ICRP's reference values owing to the difficulties in recruiting children and ethical problems. Therefore, we applied the existing data and a deformation technique to voxel models to develop the child models adjusted to the ICPR's reference values. For the 1-yr-old child voxel model, we first obtained the bodyshape data from the poor quality MRI data of a 1-yr-old child. Then, we deformed a 3-yr-old child voxel model, which was previously developed on the basis of the MRI data of a 3-yr-old child, to fit with the body shape of the 1-yr-old child using the volume morphing technique [22] . For the 10-yr-old child voxel model, we also obtained the 3D laser scan data of a 10-yr-old child. Then, we deformed a 7-yr-old child voxel model, which was previously developed on the basis of the MRI data of a 7-yr-old child, to fit with the body shape of the 10-yr-old child using the same technique. For the 5-yr-old child voxel model, we used the same 5-yr-old child voxel model, which was previously developed on the basis of a 5-yr-old child.
In the second step, we then adjusted the height, weight and internal-tissue masses to their reference values in the ICRP publication [18] by the volume morphing technique [22] and manual editing of the voxels. Finally, these voxel models were diagnosed and corrected by medical experts.
The developed child voxel models are shown in Fig. 1 . These models are composed of voxels of 2×2×2 mm 3 . These models have realistic body shapes corresponding to their ages and it has been confirmed by medical doctors that they have no unnatural anatomical structures. The representative parameters of the child voxel models as well as the ICRP's reference values are listed in Table 1 . The differences from the ICRP's reference values are within 1% for the heights and weights of these models, and within 10% for the main internal-tissue masses. Table 2 lists the calculated results of the WBA-SARs of the child voxel models. Figure 2 shows the frequency characteristics of the WBA-SARs of the child voxel models. The WBA-SARs of the adult male and female adjusted to the ICRP's reference models [18] are also shown in the same figure.
III. RESULTS
The whole-body resonance appears for the cases under the E-polarization conditions. The resonant frequency depends on the height, i.e., 150, 100 and 90 MHz for the 1-, 5-and 10-yr-old child voxel models, respectively. However, the WBA-SARs at the resonant frequency are similar among these child voxel models (±1.5%).
Because no resonance appears for the cases under the H-polarization conditions, the differences in the WBA-SAR between the E-and H-polarizations are significantly large, e.g., 92% for the 5-yr-old child voxel model at the resonant frequency, whereas the dependences on the age are relatively small, e.g., 35% and 25% of the relative variation in the WBA-SARs between the 1-, 5-and 10-yr-old child voxel models for the cases of E-and H-polarizations, respectively, at 100 MHz.
Above the resonant frequency or GHz region, the WBA-SAR tends to increase with decreasing age. This tendency is especially clear for the cases of H-polarization, where the WBA-SARs of the 1-yr-old child model increase by 17% and 58% from those of the 10-yr-old child model at 2 and 6 GHz, respectively. It is also shown that the WBA-SARs for the cases of H-polarization are generally higher than those of E-polarization, e.g., 26% increases for the 1-yr-old child model at 6 GHz (11.1 and 8.78 mW/kg for the H-and E-polarizations, respectively). [4] , [5] .
The variations of the WBA-SARs due to the child ages (1, 5 and 10 yr) are then statistically analyzed below. The variations due to the child ages are averaged at the frequencies listed in Table 2 from 10 MHz to 6 GHz; the averaged values of the variations are 29% and 19% for the E-and H-polarizations, respectively. The maximum values of the variations are 59% and 40% for the E-and H-polarizations, respectively.
The WBA-SARs of the child voxel models are also compared with those of the adult voxel models, i.e., NORMAN and NAOMI, which represent the adult male and female voxel models adjusted to the ICRP's reference values, respectively [3] , [5] . The WBA-SARs of the child voxel models are higher than those of the adult voxel models (relative increases of 42% and 58%, respectively, at the whole-body resonant frequency). At the resonant frequency, the relative difference in the WBA-SARs among the three child voxel models is 2% and similar to the relative difference in the WBA-SARs between the adult male and female voxel models, i.e., 1%. This suggests that gender is not a dominant factor of the WBA-SAR around the whole-body resonant frequency region.
The differences due to the gender of the adult voxel models increase at higher frequencies, e.g., an 11% relative difference at 3 GHz, compared with those at the whole-body resonant frequency region. The differences due to age also become larger than those in the whole-body resonant frequency region, e.g., 18% of the relative difference at 3 GHz. Table 3 compares the specifications of the child voxel models between this study and previous studies. As well as the child voxel models developed in this study, the height and body weight of the other child voxel models developed by scaling other age (mostly adult) voxel models are adjusted to the ICRP's reference values. However, the body shapes of some models are not properly adjusted to real children, and the internal-tissue structures of these models are also not adjusted. If homogeneous scaling is applied to an adult voxel model to develop a child voxel model, for example, the body shape and internal-tissue structure can significantly differ from those of actual children.
IV. DISCUSSION

A. COMPARISON WITH OTHER CHILD MODELS
Some child voxel models were developed on the basis of X-ray computer tomography (CT) and MRI data of actual children [13] , [16] , [17] . The body shape and internal-tissue structure are highly realistic compared with those of other scaled child voxel models. The body shape and internal-tissue structure of the child voxel models previously developed on the basis of the X-ray CT and MRI data of actual children are, however, not adjusted to the ICRP's reference values [18] .
Thus, it is clear that only the child voxel models developed in this study are adjusted to the ICRP's reference values with regard to not only height and body weight but also body shape and internal-tissue structure, which are called the ICRP child voxel models hereafter. Figure 3 compares the WBA-SARs between the ICRP child voxel models and the other child voxel models [4] , [5] . The child voxel models developed by Dimbylow [3] , [5] were homogeneously scaled from the adult male and female voxel models called NORMAN and NAOMI, respectively, to fit with the height and whole-body weight of the ICRP's reference values.
At the whole-body resonant frequencies, the differences in the WBA-SARs between the ICRP child voxel models and the homogeneously scaled child voxel models are at most 15%. Note that the frequency resolution was insufficient to identify the whole-body resonant frequency, which may cause an additional uncertainty in this comparison. The WBA-SARs of the child voxel models scaled from the adult female model or NAOMI are lower than those of the other child voxel models, e.g., 14% lower than that of the ICRP 10-yr-old child voxel model, which suggests that gender can affect the whole-body resonance in the case of child exposure, whereas no such effect was found in the case of adult exposure (see Fig. 1 ).
Around the GHz region, the differences in the WBA-SARs between the ICRP child voxel models and the homogeneously scaled child voxel models significantly increase, i.e., up to 42% compared with those in the resonant frequency region. The frequency tendency, however, is slightly different between these models; the WBA-SARs of the homogeneously scaled child voxel models are higher than those of the ICRP child voxel models at 1 GHz, whereas the opposite relationship is shown at 3 GHz.
It is also interesting to note that the WBA-SARs of the child voxel models scaled from the adult female voxel model or NAOMI are closer to those of the ICRP's child voxel models than those of the child voxel models scaled from the adult male voxel model or NORMAN, e.g., the differences in the WBA-SARs between the ICRP child voxel models and the child voxel models scaled from NAOMI range from −7% to 8% with an average of 1% at 1 GHz whereas those between the ICRP child voxel models and the child voxel models scaled from NORMAN range from −22% to −10% with an average of −16%, which shows the opposite tendency FIGURE 3. Comparison of the WBA-SARs between the child voxel models adjusted to the ICRP's child reference values in this study and the other child voxel models developed in previous studies [4] , [5] . to the case of the whole-body resonant frequency region. Because the body shape of the adult female voxel model is closer to a child's body shape than that of the adult male voxel model, the voxel child models scaled from the adult female model may be more appropriate for this frequency region where part-body resonant phenomena may contribute to the WBA-SARs.
B. RELATIONSHIP WITH THE BASIC RESTRICTION OF THE WHOLE-BODY AVERAGED SAR
To discuss the validity of the current reference levels of the RF safety guidelines, the WBA-SARs of the ICRP child voxel models when the incident power density is set to the reference level at each frequency are shown in Fig. 4 .
Around the whole-body resonant frequency of 100 MHz and 2 GHz, some of the WBA-SARs of the ICRP child voxel models exceed the basic restriction of the ICNIRP guidelines [1] . The excesses of the WBA-SARs are within 16% and 5% for the 5-and 10-yr-old child voxel models, respectively, which are significantly lower than the excess of the WBA-SARs of children or 40% as reported previously [14] . In this study, we estimated the WBA-SARs in only isolate conditions. It is known that the WBA-SARs under grounded conditions are not significantly different from those under isolated conditions, whereas the whole-body resonant frequencies shift to about half the frequencies under isolated conditions, and the WBA-SARs under grounded conditions are also rather equivalent to those under isolated conditions in the GHz band [3] , [5] . Therefore, the results strongly indicate that the relationship with the basic restriction of WBA-SAR under grounded conditions shows a similar tendency to that under isolated conditions in the GHz region.
We must also consider the uncertainty included in our calculations and other factors that can affect the discussion on the validity of the reference levels of the RF safety guidelines. The main uncertainty factors included in our calculations are the uncertainty of the electrical properties and the calculation algorithm to evaluate the whole-body averaged SAR from the FDTD calculation results. The impact of the uncertainty of the electrical properties on the whole-body averaged SARs was investigated previously, and it was reported that the uncertainty of the WBA-SARs due to the dielectric properties is at most 11% [20] . The calculation algorithm to evaluate the whole-body averaged SAR is also another important factor, especially at higher frequencies. Dimbylow et al. reported that the use of a different calculation algorithm results in 18% of the difference in the WBA-SAR [20] . Although there are many uncertainty factors, their impact on the WBA-SAR is less significant than the above uncertainty factors, typically within a few percent [16] .
Two of the factors that are not investigated in this paper are the incident angle and polarization; only two polarizations, E and H, and one direction, front to back, were considered in this study. Other conditions regarding the polarization and direction can cause higher WBA-SARs than those evaluated in this study. Note that these factors were investigated previously, and it was reported that the conditions assumed in this study generally result in the highest WBA-SARs [23]- [25] .
Note also that the excess of the WBA-SARs of the 1-yr-old child voxel model reaches 39%, which is not shown in Fig. 4 . We removed the data of the 1-yr-old child voxel model because it is unrealistic that a 1-yr-old child will continue to stand alone for over 6 minutes, the averaging time for the basic restriction of the WBA-SAR. The excess of the WBA-SARs appears in special cases where the coupling of the human body with the incident EMF becomes maximum. If the posture and direction change, the WBA-SARs considerably decrease from the maximum value under the best coupling condition. The WBA-SARs around the whole-body resonance frequency and 2 GHz in the cases of K-polarization, where the long axis of the model is parallel to the propagating direction of the plane wave (k-direction), are lower than 10% and 50% of those of E-and H-polarizations, respectively. A similar tendency was also reported elsewhere [2] . Recently, Hirata et al. have reported that the increase in the body-core temperature of children is generally lower than that of adults under the same WBA-SAR condition because the ratio of the surface area to the volume of the body is larger for children than for adults, which results in the effective cooling of children by external air [23] . This finding also weakens the significance of the excess of the WBA-SARs for children.
Consequently, the excess of the WBA-SARs for children (a few ten percent) is comparable with or less than the effects due to other factors, e.g., individual differences, environmental temperature, and relative polarization. This is consistent with the recent view of the ICNIRP [26] as well as its previous view [14] that the excess of the WBA-SARs for children is not significant, and there is no reason to modify the current reference levels.
V. CONCLUSON
The excess of the WBA-SARs for children was reported previously. However, the child voxel models used in the previous studies were not standardized. Therefore, new child voxel models have been developed in this study.
The child voxel models were based on the other child voxel models that were based on the MRI data of children (3-, 5-and 7-yr-old children). The original child voxel models were modified to fit the outer shape of the child with the target age or 1-, 5-and 10-yr-old children. The body dimensions and whole-body weight and tissue weights were then adjusted to the ICRP's reference values [18] .
The WBA-SARs of the developed child voxel models were calculated and compared with those of the adult voxel models adjusted to the ICRP's reference values. The variations in the WBA-SARs between the developed ICRP child voxel models were generally within 20% to 30%, whereas the WBA-SARs were higher for the child voxel models than for the adult voxel models (40% to 60%).
The WBA-SARs of the developed child voxel models were also compared with those of the other child voxel models, most of which were homogeneously scaled from the adult voxel models. The differences were up to 40%, similar to the level of variation due to the different ages as described above.
Finally, the excess of the WBA-SARs for children against the basic restrictions of the RF safety guidelines was discussed. The excess of the WBA-SAR was at most 20% for the developed 5-and 10-yr-old child voxel models adjusted to the ICRP's reference values, which is lower than the reported value or 40% in a previous review [14] . Although greater excess was shown for the 1-yr-old child voxel model, it is unrealistic to expect a 1-year-old child to continue standing alone for over 6 minutes. The findings of this study are useful for discussing the validity of the reference levels of the RF safety guidelines, such as those of the ICNIRP, which are currently being revised.
